The nematode Caenorhabditis elegans is widely used to study aging, development, behavior and other basic metazoan processes [1-3]. The only mutants directly identified on the basis of their extended longevity in any metazoan have been isolated in C. elegans [4,5]. All life-extension mutants (Age mutants) previously identified in C. elegans result from hypo-morphic or nullo-morphic mutations. We have identified a new class of gerontogene (a gene whose alteration causes life extension) that increases life span when overexpressed. The first gene in this class has been designated tyrosine kinase receptor-1 (tkr-1); it encodes a putative receptor tyrosine kinase. Overexpression of tkr-1 in transgenics increases longevity 40-100% (average 65%), confers increased resistance to heat and ultraviolet (UV) irradiation in transgenic nematodes, and does not alter development or fertility. Unlike previously identified gerontogenes, tkr-1 positively modulates stress resistance and longevity. These results further support the positive relationship between increased stress resistance and increased longevity seen in all previously studied longevity mutants. This transgenic system is an effective means for identifying overexpression gerontogenes. 
The C. elegans Age mutants have revealed an intimate relationship between life extension and increased resistance to environmental stress. All the mutants tested (age-1, daf-2, spe-26 and clk-1) are more resistant to a variety of environmental insults (stress-resistance phenotype; Str) including oxidative stress [6, 7] , elevated temperature [8] and UV irradiation [9] ; of the stressors used, UV resistance is the most consistent predictor of life extension. A daf-16-dependent pathway specifying life prolongation also specifies the increased UV resistance of all Age mutants tested [9] .
The tkr-1 gene was identified by chance as a cosmid, C11D5, in which transgenics show life extension (Age) and thermotolerance when introduced in high copy (Figure 1 ; S.M., V. Gehle and T.E.J., unpublished observations). Previous searches for Age mutants have revealed only four genes (age-1, daf-2, spe-26 and clk-1) in which mutations result in more than a 40% life extension; these were all hypo-morphic or nullo-morphic. Thus, the Age phenotype seen in strains overexpressing the cosmid is rare and we undertook to characterize this phenomenon.
To further ascertain the specificity of the Age effects, we tested the surrounding 0.5 Mb region near unc-4 on chromosome II ( Figure 1 ). We constructed an extensive array of either yeast artificial chromosome (YAC) or cosmid transgenics that collectively covered the entire region. All transgenic strains were made in the wild-type strain, N2, by microinjecting high copy numbers of each clone together with pRF4, a plasmid carrying the rol-6(su1006) dominant behavioral marker. We found no significant effect of pRF4 on thermotolerance, UV resistance or life span. Transgenics showing either an Age or Str phenotype were detected by subsequent comparisons with either N2 or control strains carrying pRF4.
Only two transgenic strains carrying the overlapping cosmids C11D5 and C08H9 caused either Age or Str when overexpressed ( Figure 1 ). Using subclones, we narrowed the region responsible for the increased thermotolerance to a 6.5 kb fragment containing a single open-reading frame encoding a receptor tyrosine kinase, designated tkr-1. Transgenics carrying all other cosmids or YACs over the 0.5 Mb region had normal life spans and thermotolerance (transgenic compared with rol-6 control p > 0.1; see Supplementary material published with this paper on the internet). Thus, the Age and Str phenotypes are specific to tkr-1 in the genomic region.
The tkr-1 gene is predicted to consist of 10 exons, encoding a 502 amino-acid protein ( Figure 1 and see Supplementary material). The predicted protein sequence has a potential transmembrane domain and a kinase domain (see Supplementary material) that shows strong similarity with the kinase region of mammalian receptor kinases (rat c-Kit: 35% identity, 55% similarity; human FGFR-1: 30% identity, 56% similarity; mouse PDGFR: 35% identity, 56% similarity). Interestingly, several mitogen receptor tyrosine kinases, including receptors for EGF and bFGF [10, 11] , are shown to share in (and perhaps cross regulate) the response to UV irradiation or other stress, leading to activation of the mitogen-activated protein (MAP) kinase family [11] . TKR-1 could modulate such a response to stress in C. elegans. The TKR-1 kinase region has a putative ATP binding site and three potential autophosphorylation sites (see Supplementary material). The predicted extracellular domain is only 40 amino acids.
A BLAST search [12] of the C. elegans genome database (currently covering more than 90% of the genome; the C. elegans genome consortium, personal communication) identified a putative C. elegans receptor tyrosine kinase gene, designated tkr-2, nearly identical to tkr-1 at the protein level (91% identity, 93% similarity in the kinase domain; see Supplementary material). The tkr-2 gene is located in cosmid F17E3, near tkr-1.
We examined tkr-1 and tkr-2 transgenics for effects on stress resistance and longevity (typical data are shown in Figure 2 ; see also Table 1 ). Independently generated tkr-1 transgenics showed a 20% increase in thermotolerance, a 33% increase in UV resistance, and an increase in life 
Figure 2
Stress resistance and life expectancy of tkr-1 and tkr-2 transgenics. (a) Increased thermotolerance is conferred by tkr-1. The tkr-1 transgenics, but not the tkr-2 transgenics, are 16-27% more heat resistant than controls (p < 0.0001). Survival times at 35°C (mean ± SEM) were: control-1, 654 ± 14 min; control-2, 682 ± 14 min; tkr1-1, 834 ± 20 min; tkr1-2, 793 ± 18 min; tkr2-1, 663 ± 15 min (p > 0.2); and tkr2-2, 652 ± 13 min (p > 0.5). Four-day-old young adults were incubated at the lethal temperature, 35°C, and survivals were measured as described [8] . The tkr-1 and tkr-2 transgenics are non-integrated. All the assays shown were obtained in one experiment and the controls (non-integrated pRF4 transgenics) are shown for reference; the thermotolerance of these pRF4 strains is not different from the N2 wild type. Three additional, independently isolated tkr-1 transgenics were also thermotolerant, as were integrated arrays (Table 1) . Each transgenic strain was independently isolated. (b) Increased UV resistance is conferred by tkr-1. Transgenic C. elegans lines carrying tkr-1 arrays are 45-51% more resistant to UV irradiation than controls (p < 0.0001). Observed survival times after UV irradiation (mean ± SEM) were: control-1, 3.16 ± 0.14 days; control-2, 3.16 ± 0.11 days; tkr1-1, 4.78 ± 0.15 days; tkr1-2, 4.59 ± 0.13 days; tkr2-1, 3.50 ± 0.09 days (p > 0.05); and tkr2-2, 3.35 ± 0.11 days (p > 0.2). Strains are the same as in (a). Four-day-old C. elegans were irradiated at 20 J/m 2 (254 nm) and the survival measured as described [9] . (c) The tkr1 transgenics have life extensions of 80-102% (p < 0.0001). Life expectancies (mean ± SEM) were: control-1, 24.3 ± 1.1 days; control-2, 26.9 ± 1.2 days; tkr1-1, 48.5 ± 1.2 days; tkr1-2, 49.2 ± 2.1 days; tkr2-1, 31.1 ± 1.5 days (p < 0.05); and tkr2-2, 34.5 ± 1.2 days (p < 0.01). The life span assay was performed as described [9] . Assessments were made each day until the end of egg lay and every few days thereafter. The keys shown in (a) apply to all the panels. expectancy of 40-100%, averaging a 65% increase over all replications. In contrast, two independent tkr-2 transgenics showed no increase in stress resistance and a slight, although statistically significant (p < 0.05), increase in life expectancy. Preliminary results suggest that the effects of tkr-1 is under regulation of daf-16 (S.M. and T.E.J., unpublished observations).
A typical tkr-1 transgenic line had approximately 20 copies of tkr-1 as assessed by Southern blots and, as expected, overexpressed tkr-1 mRNA (see Supplementary material). We have further characterized integrated tkr-1 transgenic strains to see if they display phenotypic alterations observed in other Age mutants: reduced fertility (spe-26), altered developmental timing (Clk mutants) or constitutive dauer formation (age-1 and daf-2). The tkr-1 transgenic strains had normal fertility (mean fertility ± standard error of the mean, SEM, of 303 ± 12 for tkr-1 transgenics and 298 ± 14 for the wild-type control), and a normal time of fertility (mean ± SEM of 73.0 ± 3.8 hours after hatching for tkr-1 transgenics and 72.0 ± 4.3 hours for the wild-type control). Unlike age-1 and daf-2, tkr-1 transgenic strains did not form dauers at 27°C when well fed; instead, they appeared wild type with regard to dauer formation. Therefore, the effects of tkr-1 are specific to the adult phase and show no other phenotypes previously ascribed to other Age mutants.
The tkr-1 gene is a new type of gerontogene in that overexpression of tkr-1 causes Age and Str. In contrast, the gerontogenes previously identified in C. elegans negatively regulate both of these phenotypes (Figure 3 ). The 65% increase in adult life expectancy of tkr-1 (ranging from 40% to 100%) is comparable to that of the previously reported Age mutant, age-1 (with range 40-120%) [13] , and larger than spe-26 (20-50%) [14] and the Clk mutants (2-30%) [15] , but smaller than daf-2 (100%) [16] . This indicates that the tkr-1 gene can extend life as effectively as many of the Age mutants previously reported (see Supplementary material). We suggest that increased stress resistance causes the increase in health and vitality that has been reported in the Age mutants [17] .
The genes age-1 (encoding a phosphatidylinositol 3′ kinase) and daf-2 (encoding insulin receptor-like tyrosine kinase) together with daf-16 (encoding forkhead transcription factor) play roles in a signal-transduction pathway mediating dauer-larva formation [18, 19] . Possible interactions between the pathway and tkr-1 are shown (Figure 3) . Dauers are more resistant to environmental stress and have higher levels of superoxide dismutase (SOD), catalase and HSP-90 [19] . As tkr-1 transgenics do not form dauers even at 27°C, a temperature at which many synthetic dauer formers can be observed [20] , and as both clk-1 and spe-26 have the Str phenotype [9] , we propose that the increased stress resistance of the Age strains can be viewed as the elicitation of a latent 'stress response' pathway by these mutants. Under this view, the process of dauer-larva formation has co-opted a pre-existing and evolutionarily conserved pathway regulating the organismic response to stress.
Processes mediating organismic responses to environmental insults have been predicted to be involved in the determination of life expectancy on both experimental [2, 3, [5] [6] [7] [8] [9] 17] and theoretical [9, 17, 21] grounds. The findings reported here are consistent with the predictions of that Brief Communication 1093 Table 1 Effect of tkr-1 and tkr-2 on life extension and stress resistance.
Strain
Life expectancy UV resistance Thermotolerance Mean ± SEM (days) (N;Exp) Mean ± SEM (days) (N;Exp) Mean ± SEM (min) (N;Exp) Each assay has been replicated at least two times. N indicates the numbers of transgenics examined, exp indicates the numbers of replication, and the SEM is the variation in means among these replicates. The table contains typical extant data both for the extrachromosomal transgenic lines (lines 1-3) and for the integrated transgenic strains (lines 4 and 5). The tkr-1 and tkr-1 integrated in each assay are significantly different from the control transgenics (*p < 0.0001); the control transgenics carried only a marker plasmid, pRF4. The tkr-1 integrated are chromosomally integrated strains and were derived from tkr1-1 or tkr1-2 (see Figure 2) . The tkr-2 transgenics showed a moderate life extension of 19% ( † p < 0.05) but a non-significant effect on thermotolerance and UV resistance. Two or more independently derived transgenics were assayed for each construct.
hypothesis. We suggest that the physiological mechanisms mediating resistance to environmental stresses as well as the regulation of the response to stress are evolutionarily ancient. Moreover, these processes may have been functionally conserved across phyla and are detectable in both dietary restriction (reduced caloric intake extending life expectancy) and hormesis (increased survival as a result of prior, low-level exposure to stressor processes) as well as in the Age mutants in C. elegans and other invertebrates [3, 17] . We also suggest that an in vivo screening system, such as that demonstrated here, could reveal key human genes that may play a role in the determination and subsequent modulation of human longevity.
Supplementary material
A sequence comparison of TKR-1, TKR-2 and hFGFR-1 proteins, a northern blot of the tkr-1 transgenic strain, two tables containing data on life extension by gerontogenes, and on thermotolerance and lifespan of the transgenics, as well as additional methodological detail, are published with this paper on the internet.
Figure 3
Models for regulation of longevity and stress resistance. Possible interactions between tkr-1 and a pathway for life extension and stress resistance [9] are shown. Gerontogenes previously identified function through daf-16 (encoding forkhead transcription factor) [9, 19] 
Materials and methods

Construction of the plasmids
The tkr-1 gene (GenBank accession number: z54342; C08H9.5) is in a Bluescript II plasmid carrying the 6.5 kb SpeI fragment from the cosmid, CO8H9, which contains the entire tkr-1 ORF plus the entire 5′ untranslated region plus some of the upstream ORF (the total 5′ region is 2240 bp). The tkr-2 gene (GenBank accession number: z49913; ZK938.5) is also in a Bluescript-based plasmid that carries a 4.1 kb
EcoRI fragment from F17E3, containing the entire tkr-2 ORF plus the entire 5′ untranslated region plus some of the upstream ORF (the total 5′ region is 1245 bp). The primary structure of all constructs was confirmed by sequencing.
Construction of the transgenics
We constructed transgenics using a microinjection procedure previously described [S1]. The pRF4 plasmid containing a dominant visible
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Figure S1
Current Biology
Conceptual translation products of tkr-1, tkr-2 and the human fibroblast growth factor receptor 1 (hFGFR-1). Identical residues are shown by filled boxes. Abbreviations are transmembrane domain (TM), kinase domain 1 (TK1), kinase domain 2 (TK2), and kinase insert (KI). The positions of the predicted signal peptide (residues 18-29) and the HRDLAARN motif (residues 319-326) specific to the kinase subdomain VIB are shown by a line above the sequence and a dotted line below, respectively. A potential cleavage site of the signal peptide is shown by the arrowhead. The alignment was performed using the cluster method implemented in the Lasergene analysis package (DNASTAR). Potential phosphorylation sites are shown by asterisks below the sequence.
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Figure S2
A northern blot probed with the plasmid carrying the tkr-1 gene is shown in the upper panel. A single band of the tkr-1 transcript was seen only in the lane of the tkr-1 transgenic strain, suggesting that tkr-1 is overexpressed in this strain. This also suggests that tkr-1 in the wild-type and the control transgenics is expressed at a low level. As a control for the amount of RNA blotted, total RNA on the membrane used for the northern hybridization was visualized by staining the gel with 0.5 mg/ml of ethidium bromide and is shown in the lower figure; two rRNA bands were seen. We used 5-10 µg total RNA from a mixed population of the worms under normal growing conditions and the DNA probe was prepared using a DNA Labeling Kit (Ambion) and [α-32 P]dATP. 32.6 ± 4.2* (22.9 ± 0.4*) [13] 36.6 ± 0.9* (25. [16] reported that early death of the daf-2 worms was due to internal hatching of the eggs. ¶ The data include our unpublished data. NA indicates not available. 
